Tooth development is regulated by a series of reciprocal inductive signaling between the dental epithelium and mesenchyme, which culminates with the formation of dentin and enamel. EMMPRIN/CD147 is an Extracellular Matrix MetalloPRoteinase (MMP) INducer that mediates epithelial-mesenchymal interactions in cancer and other pathological processes and is expressed in developing teeth. Here we used EMMPRIN knockout (KO) mice to determine the functional role of EMMPRIN on dental tissue formation. We report a delay in enamel deposition and formation that is clearly distinguishable in the growing incisor and associated with a significant reduction of MMP-3 and MMP-20 expression in tooth germs of KO mice. Insufficient basement membrane degradation is evidenced by a persistent laminin immunostaining, resulting in a delay of both odontoblast and ameloblast differentiation. Consequently, enamel volume and thickness are decreased in adult mutant teeth but enamel maturation and tooth morphology are normal, as shown by micro-computed tomographic (micro-CT), nanoindentation, and scanning electron microscope analyses. In addition, the dentino-enamel junction appears as a rough calcified layer of approximately 10 ± 5 μm thick (mean ± SD) in both molars and growing incisors of KO adult mice. These results indicate that EMMPRIN is involved in the epithelial-mesenchymal crosstalk during tooth development by regulating the expression of MMPs. The mild tooth phenotype observed in EMMPRIN KO mice suggests that the direct effect of EMMPRIN may be limited to a short time window, comprised between basement membrane degradation allowing direct cell contact and calcified matrix deposition.
Tooth development results from reciprocal inductive interactions between the ectomesenchyme and oral epithelium and proceeds through a series of well-defined stages including the initiation, bud, cap and bell stages [1] [2] [3] [4] [5] [6] . At the bell stage which is the last step of tooth crown formation, signals from the dental epithelium (i.e., inner enamel epithelium) instruct dental mesenchymal cells to differentiate into odontoblasts. Differentiated odontoblasts signal back to inner enamel epithelial cells and induce their differentiation into ameloblasts, which are responsible for enamel matrix synthesis. Ameloblast terminal differentiation necessitates the presence of an extracellular matrix that is secreted by odontoblasts and forms the predentin [7] . The degradation of the basement membrane (BM) separating the dental epithelium from the mesenchyme is a key step in this process that allows direct contact of ameloblasts with both odontoblasts and the unmineralized dentin matrix [3, 8] . Matrix metalloproteinases (MMPs) are involved in all stages of tooth formation [9] [10] [11] . At the bell stage, MMPs have a major role in BM degradation [12, 13] , thus allowing direct cross-talk between odontoblasts and ameloblasts [12] [13] [14] . It has been shown that at more advanced stages MMPs also regulate the processing of dental extracellular matrix (ECM) proteins prior to mineralization. Indeed, it has been demonstrated that MMPs regulate amelogenin (AMEL) cleavage by enamelysin (MMP-20) during early enamel maturation [9, [15] [16] [17] [18] [19] [20] .
The notion of direct epithelial-mesenchymal (or epithelio-stromal) interactions was first introduced in the cancer field when EMMPRIN, a membrane glycoprotein also known as CD147, was identified as a MMP inducer present at the cell surface of tumor cells which can activate stromal cells through direct contact and signal them to increase MMP production [21] . Recently accumulating data also advocate a role for EMMPRIN in modulating MMP expression during non-tumorigenic pathological conditions as well as in physiological situations such as tissue remodeling and cytodifferentiation events [22] [23] [24] [25] [26] [27] [28] [29] . For example, the presence of EMMPRIN in tissues affected by rheumatoid arthritis indicates that it is also involved in bone and cartilage deterioration [30] [31] [32] . Furthermore, it has been suggested that EMMPRIN plays a role in cell differentiation, polarity and survival [33] . Knockout ( KO) mice have been generated to analyze the functional significance of EMMPRIN during development and adulthood [34] . These mice exhibited several developmental defects, are smaller than wild-type (WT) mice and are usually unable to undergo implantation. The EMMPRIN mutant offspring are sterile, thus demonstrating deficiencies in spermatogenesis and fertilization. In addition, these null mice are blind due to defective retinal development and have faulty sensory and memory functions [34] [35] [36] .
The expression of EMMPRIN in the developing tooth germs was previously described [37, 38] . EMMPRIN expression was shown to increase gradually in the forming molar germ in mice from E14 to P1 [38] . Expression was also reported in tooth germs of rats at the bell stage, in the enamel organ on the cell membranes of ameloblasts and in the stratum intermedium, as well as in the mesenchyme at the distal ends of differentiating odontoblasts [37] . Using ex-vivo culture of E11 mice mandibles treated with EMMPRIN siRNA, Xie et al. have proposed that EMMPRIN may be involved in tooth morphogenesis [38] . However, the in vivo role of EMMPRIN in tooth development and homeostasis is still unknown. In this study, our objective was to investigate the EMMPRIN functions in tooth formation using EMMPRIN KO mice by exploring the modifications occurring in their dental phenotype and the consequences on EMMPRIN's molecular targets, in particular on MMPs. The expression of the gelatinases (MMP-2 and MMP-9), stromelysin-1 (MMP-3), and enamelysin (MMP-20) was more particularly investigated as well as their possible role in basement membrane degradation and early enamel maturation, two critical steps for normal tooth formation where MMP activity has been shown to be important [12, 13, 39, 40] . Our results suggest a role for EMMPRIN in epithelialmesenchymal interactions by regulating the expression of specific MMPs.
Material and methods

Animals
EMMPRIN mice were a kind gift from Dr. Takashi Muramatsu, Department of Biochemistry, Nagoya University School of Medicine, Japan [34] . Heterozygous breeding was carried out and tail snips were collected for genotyping. DNA was extracted from the snips using DNeasy Blood and Tissue Kit (Qiagen, France) and the genotype was determined by PCR using primers for EMMPRIN and Neomycin resistance genes [34] . Offspring with the EMMPRIN gene null mutant (KO) phenotype were maintained under the same conditions as those for the wild type (WT) mice. Post-natal littermate WT (+/+) and KO (−/−) mice at day 1, day 5, 3 and 18 months were examined in this study. The protocol was approved by the Animal Care Committee of French Veterinary Services (DDSV Val de Marne, France).
Immunohistochemistry
The heads of post-natal day 1 WT and KO mice were fixed overnight in a 4% paraformaldehyde solution (6 mice per group). The samples were progressively dehydrated and embedded in Paraplast (Oxford Labware, St Louis, MO, USA). Seven-micrometer-thick tissue sections were prepared, deparaffined and rehydrated. Endogenous peroxidases were blocked in 0.4% hydrogen peroxide in methanol. After extended rinsing in PBS, background activity was blocked at room temperature for 90 min in 1% bovine serum albumin (BSA) in PBS. Goat polyclonal EMMPRIN antibody (Santa Cruz, Heidelberg, Germany), rabbit monoclonal MMP-20 antibody (Abcam, Cambridge, UK), rabbit polyclonal laminin antibody (Sigma-Aldrich, Saint-Louis, MO) and rabbit polyclonal amelogenin antibody (kind gift to EA2496 from Dr. Carolyn W. Gibson, Department of Anatomy and Cell Biology, University of Pennsylvania School of Dental Medicine, Philadelphia, PA) were used at 1/400, 1/100, 1/100 and 1/150 dilution, respectively. Sections were treated overnight in a moist chamber at 4°C and further incubated for 90 min with a polyclonal swine anti-rabbit immunoglobulin-G peroxidase-conjugated or a polyclonal rabbit anti-Goat immunoglobulin-G peroxidase-conjugated (Dako, Glostrup, Denmark), as secondary antibody. Peroxidase labeling was revealed (1 to 10 min according to the antibody) in a dark chamber using 3-3 diaminobenzidine tetrahydrochloride (Sigma-Aldrich) with hydrogen peroxide in Phosphate Buffered Saline solution (PBS). To exclude nonspecific binding, controls were carried out by omitting the primary antibody. For laminin, a goat anti-rabbit immunoglobulin-G Alexa Fluor 488 was used at 1/200 (Sigma-Aldrich) in a dark-chamber and nuclei were stained with DAPI solution at 1/4000 (Invitrogen, Life technologies, Carlsbad, CA) for 3 min. Images were merged using Image J software (NIH, Bethesda, MD).
Total protein extraction from tooth germs
Maxillary and mandibular molar germs (M1 + M2) were dissected from 5 day-old post-natal WT and KO mice (n = 6 mice per group). Tooth germs were mixed and ground to a fine powder in the presence of liquid nitrogen, then homogenized in ice-cold extraction buffer (10 germs in 200 μL buffer: 50 mM Tris-HCl, pH 7.5, containing 5 mM EDTA, 0.9% NaCl and 0.2% Triton X-100), supplemented with 1/100 Protease Inhibitor Cocktail Set V EDTA free (Calbiochem, La Jolla, CA) [9] . The resulting homogenates were then briefly sonicated on ice (3 times 5 s), cleared by centrifugation at 10,000 g for 15 min at 4°C and stored at − 80°C. Same procedure was carried out with the soft part of the growing lower incisor from 3 month-old mice.
MMP activity measurement
MMP activity was measured using the generic-fluorescent quenched substrate Mca-PLGL-(Dpa)-AR-NH2 (R&D System, Minneapolis, MN). Briefly, one microgram of each tooth germ extract was incubated with 2 μM Mca-PLGL-(Dpa)-AR-NH 2 in a 50 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl, 5 mM CaCl 2 and 0.05% Brij 35. The reaction was allowed to proceed overnight at 22°C and then was stopped by adding 10 mM EDTA. The rate of substrate cleavage was measured in triplicate for each extract using a Tecan Infinite® M1000 spectrofluorometer with excitation and emission wavelengths of 326 and 393 nm, respectively. Less than 5% of the substrate was hydrolyzed during the rate measurements.
Zymographic analysis
Protein homogenates were analyzed by gelatin zymography to identify MMP-2 and MMP-9 isoforms. Electrophoresis was carried out using a miniprotean II system (BIO-RAD, Hercules, CA) on 8% polyacrylamide gels containing 1 mg/ml gelatin. Samples (3 μg) were halfdiluted in 1 M Tris, pH 6.8, containing 50% glycerol and 0.4% bromophenol blue, and gels were run under Laemmli conditions. Following electrophoresis gels were washed twice (30 min each) in 200 ml 2.5% Triton X-100 under constant mechanical stirring and incubated in 50 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl, 5 mM CaCl 2 and 0.05% Brij 35, for 24 h at 37°C. Gels were stained with 0.25% Coomassie brilliant blue G-250 (50% methanol, 10% acetic acid) and destained appropriately (40% methanol, 10% acetic acid). Proteinase activity was evidenced as cleared (white) bands. Bands were digitalized and compared using image J software. Homogenates were also analyzed by casein zymography to identify MMP-20 and MMP-3. Zymograms were run on Novex 4-16% casein zymogels (Life Technologies, Carlsbad, CA), incubated at 37°C for 48 h in 50 mM Tris-HCl buffer, pH 7.5, containing 5 mM CaCl 2 to allow MMP activity. To detect KLK-4, casein zymograms were run in the same conditions except that 20 mM EDTA was added to the incubation buffer to inhibit MMP activity (adapted from [40] ). For casein zymograms, recombinant MMP-3 (R&D system) and MMP-20 (kind gift from Pr Pamela K. DenBesten, UCSF, CA) were loaded as positive control.
Western blot analysis
Protein homogenates (20 μg) were subjected to SDS-PAGE on 4-20% precast gels (Mini-PROTEAN TGX Precast Gels, BIO-RAD) and transferred onto a nitrocellulose membrane (BIO-RAD). Membranes were incubated with anti-amelogenin (1/750), anti-enamelin (1/500, Santa Cruz), anti-ameloblastin (1/1000, R&D system), anti-EMMPRIN (1/1000), anti-MM-20 (1/1000, N-terminal MMP-20 antibody, Sigma, Saint Louis, MO), anti-KLK4 (1/500, Santa Cruz), or anti-MMP-3 (1/700; Abcam) antibodies overnight at 4°C. The membranes were incubated with a 1/1000 dilution of a peroxidase-linked anti-rabbit IgG (amelogenin, MMP-3 and − 20, KLK4) or anti-goat (EMMPRIN, enamelin and ameloblastin) secondary antibody for 1 h at room temperature and developed by means of BM Chemiluminescence Western Blotting Kit (Roche Diagnostics, Meylan, France). As a control for protein loading, the membranes were carefully washed and stripped with stripping buffer (Pierce Chemical, Rockford, IL) and processed with a rabbit monoclonal anti-GAPDH antibody (EPITOMICS, California, USA). The relative intensity of bands was digitalized and quantified using image J software.
Micro-X-ray computed tomography (micro-CT) analysis
For exploration of potential mineral part of tooth alterations in adult mice, 3 and 18 month-old mandibles (6 mice per group) were fixed for 48 h in 4% paraformaldehyde and stored in 70% ethanol at 4°C. Half mandibles were subjected to a desktop micro-CT, (Skyscan 1172, Skyscan, Aartselaar, Belgium). The micro-CT settings were used as follows: 9 μm resolution, voltage 80 kV; current 100 μA; exposure time 400 ms; 180°rotation; rotation step 0.4°; and frame averaging 4. The scanning time was approximately 4 h/sample. A total of 1700 native slice frames per sample were reconstructed using NRecon software (Skyscan, Belgium). Total mineralized tissue volume (80-255 grayscale units) was compared to enamel volume using this software. The lower and upper thresholds for enamel were defined to be from 181 to 255 grayscale units, while the thresholds for bone and dentin were defined as 80-180 grayscale units on an 8-bit grayscale. Same values were used for all samples analyzed. The dicom data frames were subsequently analyzed using OsiriX imaging software (3.7.1 version). The scans resulted in reconstructed 3-D data sets with a voxel-size of 9.92 μm. Enamel thickness was measured in M1, M2, incisor under M1, and incisor under M2 from μCT images using CTAn software (Skyscan, Belgium) following a previously described method [41] .
Nanoindentation
Cross-section samples of molars and incisors were prepared by cutting the resin-embedded samples perpendicular to the sagittal axis of the jaw, at the level of the mesial cusp of the first molar. In order to achieve an appropriate flatness and surface quality for the nanoindentation experiments, all surfaces of the cross-sections were grinded using a Presi Mecapol P230 polishing machine. For the grinding procedure SiC paper was applied starting with a mesh size of 120, which was subsequently decreased to 4000. After cleaning, the nanoindentation measurements were performed using a G200 Nanoindenter (Agilent Technologies, Inc., Vista, CA, USA) equipped with a Berkovich-shaped diamond indenter tip. Samples were tested in dry condition. For all nanoindentation measurements, the displacement-controlled continuous stiffness mode (csm) technique was applied. In this mode, small oscillations of the indenter tip are superposed to the overall indenter displacement of the loading and unloading testing cycle [42] . Using the csm mode allows determining material parameters such as hardness and Young's modulus values as a function of depth for the complete range of indentation. For the experiments a maximum indentation depth of 3000 nm was chosen while the loading speed was set to result in a strain rate (averaged within the locally loaded sample region) of 0.05 1/s. Typically, 15 single indentation tests were performed for each of the specimen regions to be investigated (e -enamel; dfpdentin far from pulp; dmr -dentin middle region; cf. the light microscopic image in Fig. 4C ). A representative indentation depth of 500 nm was chosen for determining the nanoindentation data on hardness and Young's modulus. This value was found well suitable to compare all different enamel and dentine samples while minimizing the effects resulting from surface microstructure. The measured modulus and hardness data are in close agreement with the values found in similar nanoindentation studies of mice molars [43, 44] determined at comparable indentation depths.
SEM analysis
Mandibles of the 3 month-old mice were prepared for SEM analysis. Cross-sections at the level of the mesial cusp of the first molar were performed with a saw equipped with a diamond disk (Struers, Champigny sur Marne, France) under a continuous water spray. After thorough polishing, surfaces were cleaned with 5% sodium hypochlorite for 2 min, rinsed twice with distilled water, etched with 2% Nitric acid for 10 s, and then thoroughly rinsed with distilled water. Carbon or gold sputter-coated surfaces were observed under a scanning electron microscope (Cambridge S260 SEM, UK), equipped with an EverhartThornley and BSE electron detector, and EDX spectrometer for X-ray microanalysis (BRUKER AXS, France) with Esprit2 software.
RT-PCR analysis for gene expression
Gene expression was analyzed after extraction of total RNA from the latest 2 mm of mandibular incisor root (soft part) of 3-month-old EMMPRIN −/− and +/+ mice (n = 6 mice per group), using Mini RNA Isolation kit (GE Healthcare, Little Chalfont, United Kingdom). The integrity of RNA was controlled with a Bioanalyzer (Agilent Bioanalyzer), purity checking and RNA dosage were carried out with a nanodrop (Nanovue Plus, GE Healthcare Life Sciences, UK). 250 ng of total RNA was reverse-transcribed with (cDNA kit VersoTM, ThermoFicher, Waltham, MA). For semi-quantitative RT-PCR, cDNA was amplified with specific primer (Go Tag®Hot Start polymerase, Promega, Fitchburg, WI). MMP-2, MMP-3, MMP-9, MMP-20, EMMPRIN, and KLK-4, cDNA expression were compared to GAPGH expression (Supplementary Table 1 ).
For quantitative real-time PCR (qRT-PCR) analysis, cDNA was amplified with specific primers (Eurofins mwg operon, Ebersberg, Germany) in a Light cycler® 480 SYBR Green I Master (Roche, Penzberg, Upper Bavaria, Germany). Each primer pair was chosen for the best efficiency and controlled for specificity (Supplementary Table 1 ). qRT-PCR analysis was carried out using LigthCycler 480 [45] . The PCR cycles consisted of an initial pre-incubation step (95°C for 5 min), followed by 45 cycles of amplification (95°C for 5 s, 55°C for 5 s, 70°C for 10 s). Relative gene expression levels were estimated using the deltaCq method [46] . GAPDH and ubiquitine C (UBC) were determined using GeNorm software on a set of 5 standard housekeeping genes and were used as housekeeping genes for the rest of the study. Results were expressed as mean ± SD of relative mRNA level for EMMPRIN −/− and +/+mice.
Isolation and culture of ED18 tooth germs
C57B6 wild type mice were mated overnight and the detection of the vaginal plug was counted as day 0 (ED0). Embryos were collected from one pregnant mouse at day 18 (E18) and the mandibular first molar extracted from hemi-mandible under a stereoscopic microscope. The tooth germ was then cultured on a semi-solid medium made of DMEM/F12 containing 20% fetal calf serum (FCS) supplemented with ascorbic acid (0.18 mg/ml), L-glutamine (2 mM), penicillin/streptomycin (50 units/ml) and agar (0.36%) [47] . Cultures were incubated at 37°C in a humidified atmosphere of 5% CO2.
Small interfering RNA transfection (siRNA)
Knockdown of EMMPRIN expression was performed on molar tooth germs by siRNA treatment one day after the beginning of the culture. Two different siRNA oligos, siEMMPRIN (Ambion, siRNA ID: 10372-siRNA ID: s2098, Applied Biosystems) or scramble siRNA oligos (BLOCK-iT fluorescent oligo, Invitrogen), siScramble, were transfected in the cultured germ in the absence of FCS and antibiotics. Briefly, siRNA was first diluted in Opti-MEM medium before an incubation of 15 min with the mix of Lipofectamine RNAiMAX transfection reagent previously diluted in Opti-MEM (Invitrogen). Each siRNA was added on the cultured germ at the final concentrations of 60 and 120 nM. After 48 h of incubation, transfection medium was removed and germs were treated for RNA extraction. This experiment was repeated in three independent experiments.
Statistical analysis
Values are presented as means ± SD with at least 6 samples (6 germs or 6 animals) per group. The normality of the distribution was tested with the Shapiro-Wilk test and the homogeneity of variance was tested with the F-test. When the distribution of the data for each group respected the normal law and the variance of both groups were homogeneous, T-test for non-paired measures was used. When the distribution of at least one of the groups did not follow the normal law, the U-Mann Whitney test was applied. The critical p-value for statistical significance was p = 0.05.
Results
Tooth phenotype in EMMPRIN KO mice
Tooth phenotype was examined on post-natal day 1 mandible in first (M1) and second (M2) molars ( Fig. 1 panel A terminal odontoblast and ameloblast differentiation. The second molar (M2) germ is at early bell stage characterized by last cell mitosis [8] and basement membrane degradation allowing for terminal cell differentiation. When examined microscopically, the morphology of the developing molar germs of WT and EMMPRIN KO mice appeared similar with well-visible formed tooth crowns ( Fig. 1 panel A) . EMMPRIN immunohistochemical analysis confirmed the absence of EMMPRIN expression in KO mice. In WT, EMMPRIN expression was seen in both ameloblasts and odontoblasts, depending on the development stage (Fig. 1,  panel A) . Such observations, including morphology and EMMPRIN expression were also made on sagittal sections of the developing incisor in 3-month-old mice, which as a continuously growing tooth, recapitulates all the developmental stages (Fig. 1, panel B, Supplementary Fig. 1 ).
Micro-CT analysis of mandibles from 3 month-old mice showed no evident difference between molars but a delay in mineralization of the continuously growing incisor in EMMPRIN KO mice (Fig. 2A) . (Fig. 2B) .
To assess the quality of enamel and dentin associated with EMMPRIN deficiency, we then performed nanoindentation on 3 month-old samples in frontal sections performed at the level of M1 (Fig. 2C) . No significant change of the enamel hardness and elasticity (Young's modulus) was observed between KO and WT mice both in M1 and in the underlying growing incisor. Furthermore, dentin analysis by nanoindentation showed no significant modification either in the outer or in the deeper dentin layer. , respectively). A 31% decrease in the ratio enamel volume/total mineralized tissue volume is seen in KO group. Enamel thickness, measured at M1, M2, incisor under M1 and incisor under M2 from μCT images, was significantly lower in EMMPRIN KO mice compared to WT (0.139 ± 0.006 versus 0.117 ± 0.006 mm at M1, p b 0.05; 0.140 ± 0.003 versus 0.124 ± 0.001 mm at incisor under M1, p b 0.001; 0.148 ± 0.007 versus 0.112 ± 0.006 mm at M2, p b 0.01; and 0.142 ± 0.002 versus 0.127 ± 0.002 mm at incisor under M2, p b 0.01; respectively). Panel C: nanoindentation analysis of the incisor and the molar on frontal sections of the mandible performed at the level of M1 shows nonsignificant (NS) difference between KO and WT mice for enamel and dentin hardness and Young's modulus. e: enamel; dfp: dentin far from pulp; dmr: dentin middle region. * indicates a statistically significant difference with the WT.
Lower MMP activity in the tooth germs of EMMPRIN deficient mice
Molar and incisor germ extracts were analyzed for total MMP activity using a broad ranged fluorescent substrate for MMPs (Fig. 3A) . A decrease of 25% in activity was observed in the extracts of EMMPRIN KO mice when compared with WT mice. MMP-3 expression was shown to be about 70% lower in KO mice by both RT-PCR and immunoblot (Fig. 3B) . Lower MMP-3 activity in KO was detected by casein zymography (Fig. 3B) . In contrast, analysis of the transcript and protein levels of MMP-2 and MMP-9 showed no detectable difference between WT and KO animals (Figs. 3C-D) . MMP-20 expression was significantly lower in KO mice at both the transcript and protein levels (Fig. 4A) , For protein expression, a band is detected at about 50 kDa in both groups but with a 66% decrease in KO mice by Western blot analysis. MMP-3 activity is observed by casein zymography as a band at 50 kDa (black arrow) in both KO and WT groups, but the band appears weaker in KO. A fainter band is also detectable underneath the major band in WT (white arrow), but not in KO mice. Recombinant MMP-3 is observed at 54 and 50 kDa. Panels C: for MMP-2 mRNA expression in developing incisor extracts, no detectable difference is observed for KO mice when compared with WT by qRT-PCR. Zymographic analysis shows no difference in MMP-2 activity between WT and KO. For both, 2 bands around 72 kDa corresponding to proMMP-2 and a band at 62 kDa corresponding to the active MMP-2 are observed. Panel D: for MMP-9 mRNA expression, no difference is observed for KO mice when compared with WT by qRT-PCR. Zymographic analysis shows no difference in MMP-9 activity between WT and KO mice. For both, a band at 92 kDa corresponding to pro-MMP-9 is detected. * indicates a statistically significant difference with the WT group.
and fainter MMP-20 activity was observed by casein zymography (Fig. 4A) . The decrease in MMP-20 expression was confirmed by immunostaining in the M1 germ (Fig. 4C, a-d) . In WT mice, MMP-20 staining was associated with the matrix at the interface with the secreting pole of ameloblasts. Staining increased progressively from the less differentiated cells located in the intercuspal curve (Figs. 4C, a) , reaching maximal intensity at the tip of the cusps where the cells are fully differentiated (Figs. 4C, c) . By contrast, in KO mice, only weak staining could be discerned in the neo-formed matrix at the tip of the cusps. We then sought to determine whether the decrease in MMP-20 was associated with a modification in enamel matrix protein cleavage. AMEL immunostaining in the M1 germ was localized mainly at the secreting pole of the ameloblasts, particularly intense at the tip of the cusps which corresponds to the start of enamel synthesis but there was no notable difference between WT and KO mice (Figs. 4C, e-h ). In addition, a normal profile of the protein expression was shown in the Western blot analysis of tooth germ extracts (Fig. 4B) . Similar results were obtained by Western blot analysis for the expression of enamelin (Fig. 4B) . Regarding ameloblastin expression, several bands were detected from 65 to 17 kDa, some of the intermediate bands being slightly less detectable in KO. The analysis of the transcripts of Kallicrein-4 (KLK-4), an enzyme involved in late enamel maturation [16] , showed a significantly higher level of expression in KO mice, which however could not be detected at the protein level by either western blot (data not shown) or casein zymographic analysis (Supplementary Fig. 2 ).
EMMPRIN regulates the expression of several MMPs in tooth germ cultures
To further assess the direct role of EMMPRIN on MMP expression, we investigated the effects of EMMPRIN inhibition on tooth germs in culture [48] . In that purpose, molar germs sampled at E18 were cultured on semi-solid culture medium for 1 day prior to inhibition by siRNA. The germs were then treated for 48 h with two different concentrations of EMMPRIN siRNA (Fig. 5) . RT-PCR analysis showed that EMMPRIN expression was notably diminished at both siRNA concentrations (63% and 90%, respectively). This decrease had no detectable effect on the expression of MMP-2, while a significant decrease of MMP-3 (50% and 65%, respectively) and MMP-20 (about 80% for both siRNA concentrations) expression was observed. In addition, a 20% decrease was also observed with the highest siRNA concentration for MMP-9.
Delayed basement membrane degradation in the molar germs of EMMPRIN deficient mice
As the expression of MMP-3 is lowered in EMMPRIN KO mice and when EMMPRIN is silenced by siRNA, we explored the degradation of the basement membrane at early bell stage by fluorescent immunolabeling of laminin, one of its major components (Fig. 6A) . Laminin immunostaining appeared continuous in EMMPRIN KO mice while it was faint and discontinuous in the WT, suggesting delayed basement degradation in the absence of EMMPRIN. In order to assess the consequences of this delayed degradation in the adult mice, scanning electron microscopy (SEM) analysis of sections of 3 month-old mandibles was performed at the level of M1. Results revealed that whereas both dentin and enamel appeared to retain their normal structure in EMMPRIN KO mice ( Supplementary Fig. 3 ), clear differences could be discerned at the dentino-enamel junction (DEJ), the boundary between these two anatomical structures, in molars (Figs. 6B, C-D) and developing incisor (Figs. 6B, A-B) . While the DEJ in WT mice appeared as a well-intricate structure providing a solid anchorage of enamel within dentin, it consisted of a rough calcified layer of approximately 10 ± 5 μm (mean ± SD) in the KO mice.
Discussion
EMMPRIN/CD147 is a MMP inducer considered as an important mediator of epithelio-stromal interactions in several normal and pathological processes [22] . EMMPRIN is known to be expressed during rodent tooth formation [37, 38] , and data obtained from ex-vivo germ culture have suggested that it was involved in tooth morphogenesis [38] . However, the precise in vivo function of this molecule in dental tissues remained to be elucidated. This study shows that EMMPRIN KO adult mice, although globally displaying a normal tooth morphology, present several dental alterations including decreased enamel volume and thickness, likely resulting from a downstream action of EMMPRIN on MMPs. Indeed, we showed that the expression and activity of MMP-3, which is able to degrade basement membrane components [49] , and MMP-20 that is necessary for enamel formation [16] , are down-regulated in teeth of EMMPRIN KO mice, as well as upon EMMPRIN siRNA inhibition.
The proteolytic disruption of the basement membrane during tooth development is a key step that promotes tissue remodeling through the modification of the epithelial-mesenchymal interactions [8] . This disintegration allows a direct interaction between these two tissues necessary for terminal cell differentiation. Here we demonstrate that EMMPRIN, via regulation of MMP expression, is involved in the disruption of the anatomical barrier that separates dental epithelium from mesenchyme. The direct cell-to-cell contact allowed by basement membrane degradation was delayed in the teeth of EMMPRIN KO mice, as suggested by the persisting laminin immunostaining. This is consistent with the inhibition of MMP-3 which is known to be involved in the basement membrane degradation [49] . Consequently, an enamel mineralization delay was observed in the growing incisors of all the explored EMMPRIN KO mice. Although technically difficult to confirm, it is expected that molar germs also display enamel mineralization delay. This assumption is strengthened by the delay observed in basement membrane degradation in the molar germs, and by the defects observed at the DEJ in both adult molars and incisors.
Our results show that EMMPRIN is intensely expressed in epithelial cells (i.e. pre-ameloblasts and stratum intermedium) of developing teeth prior to dentin and enamel formation. These data confirm previous findings showing the increasing expression of EMMPRIN from the bud to the bell stage in stratum intermedium and inner dental epithelium layers [37, 38] . However, at more advanced developmental stages (start of dentin and enamel deposition), we demonstrate that EMMPRIN protein is also expressed by odontoblasts. This rapid switch suggests an involvement of EMMPRIN in the well-tuned epithelialmesenchymal dialogue that allows tooth development.
MMP-20 production was also decreased in dental tissues of EMMPRIN KO mice. MMP-20, which is a tooth-specific enzyme [18] , is implicated in the early stages of enamel maturation and proposed to be solely responsible for AMEL processing during the secretory stage [17] . At this early stage of enamel maturation, MMP-20 has also been shown to be responsible of the cleavage of enamelin and ameloblastin, two other enamel matrix proteins [39, 40] . However, the decreased MMP-20 expression observed in the teeth of the EMMPRIN KO mice were solely associated with decreased enamel volume and thickness, which did not match the severe enamel abnormalities observed in the teeth of the MMP-20 KO mice [50] [51] [52] . In addition, the nanoindentation study did not reveal any differences between EMMPRIN KO and WT mice, suggesting a rather normal enamel mineralization. This contrasts the tooth phenotype observed in the MMP-20 KO mice [53] . Indeed, MMP-20 KO mice exhibit a severe tooth phenotype with altered rod pattern and hypoplastic enamel that delaminates from the dentin [51, 54] . This abnormal phenotype was suggested to result from the lack of MMP-20-dependent AMEL cleavage, highlighting the importance of enamel matrix proteolysis for proper enamel formation. Normal enamel mineralization in teeth of EMMPRIN KO mice may be explained by the fact that MMP-20, although markedly decreased, may still be sufficient to cleave enamel matrix proteins during early enamel maturation. Interestingly, expression and activity of MMP-2 and MMP-9, which are regulated by EMMPRIN in several tissues and various pathological and repair conditions such as tumor invasion and corneal wound healing [23, 28, 32] , remained normal in dental tissues of EMMPRIN KO mice. This highlights a complex mechanism of MMP regulation by EMMPRIN, which depends on the tissue context. Altogether, the mild consequences of the absence of EMMPRIN on the adult tooth phenotype, in spite of the lower expression of both MMP-3 and MMP-20, may indicate that the level of MMP expressed in the developing tooth germs in EMMPRIN KO mice is sufficient to allow for a correct tooth development, although the existence of a compensatory mechanism implicating other proteases cannot be excluded. In addition, the direct effect of EMMPRIN on the epithelial-stromal interaction may be limited since it is only allowed during a short time window, namely between basement membrane degradation allowing direct cell contact and before calcified matrix deposition which constitutes cell barriers, hence limiting EMMPRIN's scope of action (Fig. 7) .
In conclusion, our study suggests that EMMPRIN, through the induction of proteases, may orchestrate the epithelial-mesenchymal cross-talk necessary for tooth formation, by enabling cleavage of the basement membrane and thus direct cell-cell interactions. At more advanced stages, EMMPRIN can also facilitate enamel maturation by inducing proteases such as MMP-20 that are capable of cleaving matrix components.
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